A trial with di erent concentrations of DL-methionine (DLM) and DL-2-hydroxy-4-methylthiobutanoic acid (DL-HMTBA) in broiler feed was performed to investigate their e ect on the meat quality parameters and the shelf life of breast llet. In total, llets from 210 male broiler chickens (Ross 308) were tested in seven groups with 30 animals each. ree di erent concentrations (0.04, 0.12, and 0.32%; on an equimolar basis) of either DLM or DL-HMTBA were added to a basal diet, summing up to seven treatment groups. After slaughter, llets were packed aerobically and stored at 4°C. e investigated parameters comprised measurements of microbial as well as physicochemical parameters, such as pH, drip loss, cooking loss, and color measurements. Additionally, sensory investigations were conducted and shelf life was calculated. Mean pH values were between 6.1 and 6.4. Drip loss values were low, with mean values below 0.4%. e cooking loss ranged between 22% and 28% on average. e llets showed a normal initial microbial quality (2.5 log 10 cfu/g) and spoilage process with microbial counts of 8.5 log 10 cfu/g at the end of storage. e study revealed a signi cant in uence of methionine supplementation on the quality of broiler breast meat in comparison with the basal group. Methionine supplementation led to higher pH values and a higher water binding. Higher concentrations of methionine had a positive in uence on the water-holding capacity by lowering the cooking loss. e L * value showed a signi cant negative correlation to the methionine concentration supplemented. No di erences in physicochemical as well as sensory parameters could be detected between both methionine sources. e llets showed a normal sensory spoilage process and a shelf life of 6 d. White striping was positively correlated to llet weight as well as color values and signi cantly a ected the Purchase Decision, the sensory investigation, and thus the shelf life of the samples.
Introduction
As the rst limiting amino acid in grain and soybean meal diets, methionine (Met) is widely used as a supplement in broiler feed in poultry production [1, 2] . Two common synthetic Met sources are DL-methionine (DLM) and DLmethionine hydroxy analogue free acid (DL-HMTBA). Positive e ects of both Met sources on weight gain are undisputed [3, 4] , but di erences in the bioavailability and e cacy have been discussed in several studies [5] [6] [7] [8] [9] [10] [11] [12] [13] . e di erent structure of both molecules results in diverging absorption, metabolic pathways, and physiologic transformation [14, 15] .
Besides the positive e ect of Met on the growth and feed conversion rate of the animals, Met supplementation is known to increase the breast and leg meat yield of broilers, irrespective of the Met source used [16] [17] [18] [19] [20] . Additionally, the abdominal fat content is reduced [3, 11, 18] as well as the absolute fat content in the llet [21] . e in uence of Met supplementation on lipogenesis is discussed as a potential support to producing lean poultry meat [22, 23] . However, positive e ects on the nutritional value of poultry meat remain controversial, since Liu et al. [18] reported no e ect on the absolute content of fat or crude protein. In several studies, it was shown that Met supplementation has the ability to in uence important quality parameters of the meat. Increasing Met concentrations in the diet elevates the pH of broiler meat [21, 24] . e meat color is affected by lowering the L * and b * value [21] . Hence, the coloration of fillets and thighs is judged superior in comparison to Met-deficient diets [18] .
ese intrinsic characteristics, such as the structure, nutrient content, pH, or water availability, have a large impact on the spoilage process of the meat [25, 26] , especially poultry meat [27] . Generally, changes in the physicochemical properties of poultry meat might lead to differences in the microbial spoilage process. Indeed, a relationship between Met supplementation and bacterial counts on the meat surface has been reported, but the results are contradictory. While Aksu et al. [21] detected lowering bacterial counts with increasing dietary Met concentrations, Albrecht et al. [24] found a supporting effect on microbial growth. In fact, there is a lack of studies focusing on the relationship between the microbial growth and the shelf life of the meat and Met supplementation. In addition to the effect on the physicochemical properties of meat, the lipid oxidation during storage can be decreased by the increase of supplemental Met [28] . e diets supplemented with Met are reported to have a positive effect on lipid oxidation of the investigated broiler fillets [21, 23, 29] . Lipid oxidation is a major factor during the spoilage of fresh meat and influences consumer acceptance of the product [30] . Furthermore, a positive effect on the sensory acceptance in comparison to the control group was reported by Albrecht et al. [24] . However, it became evident during the laboratory trial that a large number of samples expressed white striping (WS), a breast myopathy. WS is reported to be especially frequent in heavier fillets [31] [32] [33] . Genetic selection with a focus on fast production, high growth rates, and enlarged meat yield is supposed to increase the potential for meat defects such as WS and wooden breast [31, [34] [35] [36] [37] . Meat quality parameters are affected by Met supplementation. But up to now, there is a lack of studies describing the relationship between breast myopathies and typical spoilage parameters as well as shelf life. Additionally, the ability of Met supplementation to increase growth rates and meat yield of broiler and a possible influence on the prevalence on WS has not been investigated yet. Up to now, there are hardly any published studies focusing on the correlation between dietary Met supplementation and physicochemical parameters, like microbial load, breast myopathies and typical sensory parameters of commercially produced broiler meat. us, the objective of this study was to investigate the effect of different concentrations of liquid DL-2-hydroxy-4-methylthiobutanoic acid (DL-HMTBA) relative to DLmethionine (DLM) in chicken feed on the meat quality parameters, meat defects, spoilage process, and shelf life of commercially produced breast fillets.
Materials and Methods

Study Design.
Upon hatching, 800 male broiler chickens (Ross 308) with a weight of 42 g were allocated to six treatments and one basal group as control. All treatments were replicated six times with 20 birds per replication each, except for both highest Met concentrations.
e highest concentrations for DLM and DL-HMTBA were replicated five times with 20 birds each. Raising and feeding was conducted at the facilities of the company feedtest (WettinLöbejün, Germany). e treatment groups comprised three concentrations of each Met source: DLM (MetAMINO, Evonik Nutrition & Care GmbH, Germany) and DL-HMTBA (MHA, Novus Europe SA/NV, Brussels, Belgium). e concentrations supplemented at 0.04%, 0.12%, or 0.32% of either DLM or DL-HMTBA on an equimolar base to a control basal diet (Table 1) e surface pH of the fillets was measured using two portable surface pH meters (pH 8011, Peter Bock Umwelttechnik, Gersfeld, Germany; GPH114, GHM Messtechnik GmbH Standort Greisinger, Regenstauf, Germany). Two measurements were performed for each meat sample by placing the electrode onto the meat surface and an average pH value was calculated.
Measurement of the Drip Loss.
e measurement of drip loss and cooking loss was conducted to characterize the water-binding capacity of the meat samples [38] . Drip loss measurements of the breast fillets were conducted after 24 h and 192 h of storage. After being packed in plastic bags, meat samples were hung on hooks through their thickest part for 24 h in a 4°C incubator. Samples were weighed before and after hanging. Drip loss was calculated as the loss in weight, corrected for size, and expressed as a percent.
where D L is the drip loss (%), m 1 is mass before hanging, and m 2 is mass after hanging.
Measurement of the Cooking Loss.
Measurements of the cooking loss were performed 24 h after slaughter. A sample of around 3 × 5 cm was taken with a scalpel from the caudal end of the fillets. e samples were weighed and packed separately in autoclave bags. e samples were cooked at 80°C in a water bath (Memmert, Schwabach, Germany) until the core temperature of the fillets reached 72°C. e core temperature was measured with a food core thermometer (Testo, Lenzkirch, Germany). A second weighing was conducted after cooking, and the cooking loss was calculated as the loss in weight, corrected for size, and expressed as a percent (equation (1) values were selected for analysis and measurements were averaged for each fillet.
Microbiological Analysis.
For the microbiological analysis, 25 g of surface meat tissue, with a size of 3.5 × 7 × 0.5 cm, was aseptically taken using a sterile scalpel. e sample was transferred to a filtered, sterile stomacher bag and filled with 225 ml of saline peptone diluent (0.85% NaCl with 0.1% peptone Saline-Tablets, Oxoid BR0053G, Cambridge, United Kingdom). e samples were mixed with a Stomacher 400 (Kleinfeld Labortechnik, Gehrden, Germany) for 60 s. Tenfold dilutions of the homogenate were prepared in saline peptone diluents. Pseudomonas spp. (PSE) were detected by spread plate technique on Pseudomonas agar with cetrimide-fucidin-cephalosporine-selective supplement (CFC, Oxoid, Cambridge, United Kingdom). Plates were incubated at 25°C for 48 hours.
Sensory Investigations.
Sensory investigations comprised the sensory evaluation of the spoilage process to determine the shelf life of the samples, an assessment of meat failures such as WS and the Purchase Decision. All sensory investigations were performed by a trained sensory panel including six panelists after 24 h, 72 h, 120 h, 168 h, 192 h, and 216 h. e training of panelists was conducted during former trials and exercise courses prior to the main trial.
Purchase Decision.
Before each sensory evaluation, the sensory panel evaluated the samples for the trait Purchase Decision. Based on overall visual appearance, each panelist chose whether they would purchase each sample or not. In order to avoid biased perceptions of the samples (i.e., through odor), this answer was given prior to the other sensory evaluations. e results of all panelists were then averaged for each sample.
Additionally, the sensory panel noted demerits visually apparent on the meat surface such as hematoma, cuts caused by processing failures or color anomalies. Demerits went into the analysis as total number for every fillet.
Sensory Index.
For each sample, the characteristics such as color, odor, and texture were assessed via a graded three-point-scoring system, with three meaning fresh and high quality and one meaning unacceptable. e Sensory Index (SI) was calculated as a weighted average with the following equation:
where SI is the Sensory Index, O the is the odor, C is the color, and T is the texture. According to the scheme, the product is spoiled when the SI reaches the level of 1.8. e SI was plotted as a function of time and fitted to a linear model. us, the shelf life of each sample was calculated as follows [39] : 
where SL is the shelf life, a is the intercept of the linear model, and b is the slope of the linear model.
Assessment of White Striping.
Following the sensory evaluation, the appearance of WS was evaluated by the sensory panel with a 3-point scoring system. A score of "0" means no WS, "1" means medium WS, and "2" means severe WS (Figure 1 ). e results of all panelists were then averaged for each sample.
Data Analysis and Statistics.
Data were tested for normal distribution and homoscedasticity. Since data did not meet the conditions for parametric statistical tests, nonparametric methods for statistical tests were used. For illustrating data distribution, boxplots were used displaying median as well as first and third quartiles of data. Differences between groups were tested with the Kruskal-Wallis test. In the event of significant differences, pairwise comparisons were performed with the Dunn-Bonferroni test to test differences between individual groups. Correlations were tested with Spearman's rank correlation test and the correlation coefficient k was computed (with k < 0.4 meaning a low correlation, 0.4 < k < 0.6 meaning a medium correlation and k > 0.6 meaning a high correlation). Test results are marked with * (p < 0.05) for significant and * * (p < 0.001) for highly significant differences or correlations.
To explore the influence of several explanatory variables on the response variable "Purchase Decision," a multiple linear model was calculated. Predictors with a significant influence on the response variable were used to calculate and plot a second-degree response surface model.
Data analysis was conducted with statistical software R 2.15 (R Development Core Team). Additionally, SPSS Statistics 23 (IBM Corp. 1989 , New York, USA) and OriginPro 8G (OriginLab Corp., Northampton, MA, USA) were used. Table 2 ). e fillet weight was significantly correlated to the Met concentration (k: 0.914; p < 0.001, Table 3 ).
Results and Discussion
e difference in weight gain between concentration groups was significant (p < 0.001). e results of this study are in accordance with former studies reporting a significant increase of breast meat yield in Met-supplemented broilers [8, [16] [17] [18] [19] [20] .
e pH value of the fillets ranged between 6.20 and 6.35 at the first investigation point (Table 2) . For poultry fillets, the typical range of pH values 24 h after slaughter is between 5.6 and 5.9 [40, 41] but may also range up to 6.02 [27] . A storage-related increase of meat pH up to values between 6.43 and 6.58 was observed and can be explained by an accumulation of metabolites of the growing microorganisms [42] . e basal group showed significantly lower pH values at the beginning of storage (p < 0.05), indicating that Met supplementation elevates the ultimate meat pH as reported in former studies [21, 24] . e positive effect of Met supplementation on stress-related genes and protective cellular mechanisms against oxidative stress might explain higher pH values [43] [44] [45] . Meat pH is strongly influenced by stress during the preslaughter and slaughter processes, meaning that high stress leads to an accumulation of lactic acid in the muscle, resulting in a lower ultimate meat pH [41, 46] . us, the comparatively high pH values during this trial are possibly caused by an enhanced metabolic stress resistance by Met supplementation, whereas no significant difference was observed between Met sources (p > 0.05). e absence of lactic acid in muscle tissue, leading to a higher meat pH, is associated with a high water-binding capacity of the myofibrillar proteins [47] .
e drip loss of the breast fillets ranged between 0.18% and 0.40% 24 h after slaughter (Table 2 ). e basal group had a significantly higher drip loss than both the DLM 0.12 and 0.32 (p � 0.03) and the DL-HMTBA 0.32 groups (p � 0.035), but there was no difference between Met sources (p > 0.05). In general, drip loss values were lower in comparison to other studies with mean drip loss values between 0.42% and 3.32% [48] [49] [50] . Additionally, the supplementation of Met showed a tendency to lower the drip loss of the breast fillets, which was confirmed by a significant but low negative correlation between Met concentration and drip loss 24 h after slaughter (k: −0.205; p � 0.003). is contradicts findings of former studies reporting a positive relationship between increasing Met concentrations and drip loss or moisture content [18, 24] . Reduced drip loss values in comparison to the basal group are in accordance with the effects of Met supplementation on elevated meat pH and former studies, which reported lowering drip loss values with increasing Met concentration [29] . However, differences in drip loss between all groups seem to fade during storage. After 192 h, drip loss showed a slight increase to mean values between 0.23% and 0.30% (Table 6 , Supplementary materials) and a convergence between the groups, which is probably caused by the spoilage process and the enzymatic and chemical deterioration of the meat. Drip loss values at 192 h showed no differences (p > 0.05) between treatment groups and no significant correlations to the Met concentration.
e mean cooking loss of the breast fillets varied between 22% and 28%, and no significant difference between the Met sources was observed (Table 2) . e cooking loss of the 0.32% Met supplementation was significantly lower than both the basal group (p � 0.004) and the 0.04% Met supplementation (p � 0.022). e cooking loss was negatively correlated to the Met concentration, irrespective of the treatment groups (k � −0.377; p < 0.001). In general, the water-binding capacity of meat is influenced by the genotype, a fast muscle growth, preslaughter stress as well as the conditions during slaughter and processing [41, 47] . An influence of the diet composition on the water-holding capacity of meat has been reported [51] [52] [53] [54] . Met supplementation seems to improve the water-binding capacity by lowering drip loss and cooking loss values, independent of the Met source supplemented. Nevertheless, the information on the effect of Met supplementation on water-binding capacity of meat is inconsistent, and further research is needed to clarify the relationship. Journal of Food Qualitye data of the color measurement showed a high variation and broad overlap between groups (Figure 2 (Table 2) . L * values showed a signi cant decline during storage (p < 0.01). Samples showed signi cant di erences in the L * value between the highest Met concentration and the lowest as well as medium concentration (p < 0.05).
e color measurements conducted in this study revealed that poultry llets were generally lighter in comparison to the optimal color for poultry llets stated in former studies. In general, optimal L * values for poultry are given as 47 ≤ L * ≤ 53, taking into account the factors a ecting meat color such as animal and process speci c factors [49, [55] [56] [57] . Normally, higher L * values, above 56 [55] or 59 [49] , are judged as pale, soft, and exudative (PSE) meat. But, since the samples investigated in this study expressed high pH values and a high waterbinding capacity, the meat cannot be judged as PSE meat.
e broad occurrence of WS in the current study can be an explanation for high L * values, since L * values are signicantly correlated to WS (k: 0.354; p < 0.001). Additionally, the color of meat is strongly in uenced by genetic selection, slaughtering conditions, and diet, which might be a further reason for higher L * values [58] [59] [60] [61] . e a * values ranged from 6.61 to 7.20 between all treatment groups at the beginning of storage (Table 2) . ere was no change observed for the a * values during storage. No signi cant di erences between the Met sources could be observed, but the basal group showed signi cantly higher values than the 0.32% DL-HMTBA groups (p < 0.024). Additionally, a * values showed a signi cant negative correlation to the Met concentration as well as the L * values, but the e ect was only observed at the rst investigation point at 24 h. e mean b * values ranged between 14.87 and 15.88 at the beginning of storage. ere was a signi cant negative correlation to the Met concentration with the highest b * values measured at the lowest supplementation levels. erefore, higher Met concentrations led to lower L * and a * values and higher b * values. Lower L * values under the e ect of Met supplementation have been reported before [21, 29] , but the results of a * and b * values contradict the ndings of Liu et al. [62] who reported a "superior meat color." e initial bacterial contamination of the samples showed mean values between 1.61 log 10 cfu/g and 2.17 log 10 cfu/g ( Table 2 ). For industrial slaughter, these microbial loads are low in comparison to other studies, which reported mean bacteria numbers of 2.9 log 10 cfu/cm 2 [63] , 3.7 log 10 cfu/g [64] , 3.8 log 10 cfu/g [65] , and 4.1 log 10 cfu/g [27] after slaughter. However, the initial count of industrially slaughtered poultry can vary depending on slaughter and hygienic conditions during processing [66] .
ere was no di erence in initial bacterial count between the di erent treatment groups (p > 0.05) after 24 h, indicating that all samples showed a comparable initial contamination by microorganisms. After 192 h storage, the mean microbial counts of Pseudomonas spp. ranged between 7.82 log 10 cfu/g and 8.51 log 10 cfu/g (Table 2) .
e microbial acceptance level of Pseudomonas spp. is 7.5 log 10 cfu/g [27] , which was exceeded by 88% of the samples. Pseudomonas spp. counts were negatively correlated to DLM concentration (k: −0.339, p 0.001). is is contradictory to ndings of our former study where results pointed to a positive correlation between Met concentration and microbial counts, irrespective of the Met source [24] . An e ect of Met on lowering the bacterial counts on meat was also reported in [21] , but no particular explanation was given. Since the relationship between Met supplementation and the growth of Pseudomonas spp. could not be clari ed, further studies are needed to investigate if these e ects are a result of causal connections or a statistical bias.
e sensory investigations revealed that the samples showed a normal initial meat quality upon arrival at the laboratory. e mean SI ranged between 2.7 and 2.8, 24 h after slaughter. e SI was evaluated signi cantly worse for the DLM and DL-HMTBA groups than for the basal group at the beginning of storage (Table 2) , which is mainly caused by di erences in the color evaluation. Additionally, a lownegative correlation between the SI and the Met concentration was detected (k −0.147; p 0.034). e SI showed a linear decline with time with a similar gradient for all treatment groups, meaning a similar speed of the spoilage process for all llets.
e mean sensory shelf life of the treatment groups ranged between 133 h and 142 h ( Table 2) . For commercially produced poultry, a shelf life of 6 days has been reported before [27] . e shelf life in the present study showed a signi cant di erence between the DLM and the basal group (p 0.01), but the di erence is below 24 h and thus judged not relevant for the poultry industry. For SI and shelf life, there were no signi cant di erences detected between the DLM and the DL-HMTBA group. e evaluation of the Purchase Decision revealed signi cant di erences between the treatment groups. e basal group was evaluated signi cantly better at all investigation points (p < 0.05). Linear modelling revealed that the parameters WS and color (visual assessment) had a signi cant in uence on the Purchase Decision in the rst 72 h of storage. In contrast, Met source or size of the llets had no in uence on the Purchase Decision (supplementary material, Tables 4 and 5 ). WS is supposed to a ect the consumer acceptance of raw meat [34, 67] . e relationship between color, WS, and Purchase Decision is shown in Figure 3 . At the investigation points 24 h and 72 h, the best Purchase Decision was achieved for llets with the highest color scores and low scores for WS. WS led to less positive Purchase Decisions, even if the color of the llets was optimal. As a consequence, llets with a low rating for color and higher occurrence of WS were rejected by the sensory panel even if the spoilage level was not yet reached. With proceeding storage, the spoilage process became apparent and led to low ratings for Purchase Decision. Over 90% of all samples were rejected at 168 h when the meat was spoiled.
WS occurred in most of the samples with dominance on "medium WS" (Figure 4 ). For both Met sources, less than 10% of llets were rated with "no WS." In contrast, over 30% of the llets of the basal group showed "no WS," which could be due to suboptimal Met supplementation below typical industrial conditions and lower growth rate.
e occurrence or severity of WS is weakly correlated with the concentration of Met supplementation (k 0.159; p 0.021) and had a negative in uence on the Purchase Decision. e correlation is weak, because severe WS was most distinct in the medium Met concentration. ere was no signi cant di erence in the severity of WS between the DLM and the DL-HMBTA groups. However, both Met groups expressed signi cantly more WS than the basal group. WS is a breast myopathy probably caused by the increased growth rate of animals in the modern poultry industry [31, 33] . One-sided genetic selection for higher growth rates and meat yield has been linked to muscle abnormalities in earlier studies [37] . Even if several investigations could not relate genetic selection of commercial broiler lines to a negative impact on meat quality [48, 59] , WS was observed signi cantly more often in heavier and fast-growing birds of modern broiler lines [31, 32, 36, 68] . e dietary supplementation of lysine is reported to have an in uence on protein metabolism and induces the occurrence of WS [69] . In addition to nutritional factors, a connection to changed metabolic mechanisms, proliferation of connective tissues, genetic predisposition, or a combination of these parameters, are discussed [70] . e detailed mechanisms causing WS are still not clear [34] . us, the nature of the e ect of Met supplementation on the occurrence of WS, whether it is causal or rather a side e ect, and its interaction with other factors are currently unclear. Further investigations are needed to clarify these e ects.
Conclusions
e supplementation of Met at three di erent dietary levels showed a signi cant e ect on the meat yield and quality of broiler llets in comparison to the basal group. Met supplementation resulted in higher pH values and showed a positive e ect on water-binding capacity, irrespective of the Met source used. e microbial load at the end of storage decreased with increasing Met concentration, but this e ect 
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did not lead to a relevant prolongation of shelf life. e shelf life of the fillets was 6 days, which is a proper shelf life for industrially produced, aerobically stored poultry fillets. Met supplementation was negatively correlated to L * , a * , and b * measurements, to a magnitude that was also visually noticed by the sensory panel. WS occurred in most of the samples and was significantly correlated to fillet weight. e occurrence of WS showed a low correlation to Met concentration and significantly affected the color of the samples as well as Purchase Decision. No specific parameter provoking WS could be identified. In summary, the effects of dietary Met supplementation on the quality and freshness of poultry meat is complex, and more research is needed to clarify the relationship between dietary Met supplementations and meat quality as well as the occurrence of WS.
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